ABSTRACT. Understanding how grape (Vitis L.) vines store nutrients in permanent tissues, how much nutrient vines take up from the soil, and how nutrients are partitioned and redistributed throughout the plant is critical to the development of sound nutrient management practices. This study investigated the seasonal patterns of macronutrient uptake and redistribution in whole 'Concord' grape (Vitis labruscana Bailey) vines. The study was conducted in a 42-year-old own-rooted 'Concord' vineyard. The site was a furrow-irrigated fine sandy loam. In 2006 and 2007, four vines were excavated at winter pruning, budbreak, three-to four-leaf stage, bloom, veraison, harvest, and postharvest. Each vine was separated into different organs, dried, and weighed to determine biomass, and then ground and analyzed for C, N, P, K, Ca, and Mg. The results showed that the seasonal dynamics of nutrient contents shared a consistent pattern: translocation of nutrients from woody tissues to actively growing organs at the beginning of the season; nutrient uptake from bloom to veraison (P and Mg in 2006), bloom to harvest (N, P, K, and Ca), or veraison to harvest (P and Mg in 2007); and nutrient movement to woody tissues occurring after veraison until leaf fall with no further nutrient uptake. There was a very high accumulation of Ca in permanent structures of the vine, reflecting the high Ca and CaCO 3 found in the soils of the region. As a result, the vines had a higher Ca content than all other nutrients throughout the growing season, which is different from findings in other growing areas.
diversity in plant sizes in this very old vineyard, all grape plants in the 0.61-ha vineyard were measured to determine uniform sized vines for excavation. We chose vines with a 12.8-to 15.0-cm trunk circumference at 30 cm above the soil surface, 87 to 99 cm trunk length from soil surface to cordon split, and 25 to 36 cm cordon length before attachment to the cordon wire for experimental units.
In 2006 and 2007 at winter pruning, budbreak, three-to fourleaf stage, bloom, veraison, harvest, and postharvest (Table 1) , four vines of uniform size were sampled. The aboveground vine was removed by cutting off the trunk at ground level and at the cordon with a chainsaw. The cordon was carefully removed from the wire to retain all plant material. Fine roots were sampled by coring the soil with a hydraulic soil probe (Kaufman Metal Works, Eugene, OR) in a circular pattern around the trunk immediately after vine removal. The soil was sampled to a 1 m depth, was divided into 0-to 30-cm and 30-to 100-cm increments, stored cool, and gently rinsed over a <2-mm mesh screen to remove the soil from the roots. The remaining roots in the area under a single vine (2.4 · 2.7 · 1 m) were extracted from the soil by gently digging the soil away from the root mass, maintaining connectivity of the roots, and extracting the entire root ball. Each vine was separated ( Fig. 1 ) into trunk and cordon, coarse roots (diameter >4 mm), fine roots (diameter < 4 mm), canes, shoot, leaf blades, petioles, shoot tips, and clusters (including rachis and seeds).
Plant organs were dried (60°C, 48 h), weighed, ground, and analyzed for nutrient elements. For large woody pieces such as the trunk, two small sections of the organ were collected. One was weighed and dried to determine dry weight. The other was pre-ground, while still moist, in a coffee mill (Krups, Millville, NJ), dried, and finely ground. Total C and N were analyzed using dry combustion (Yeomans and Bremner, 1991) with an elemental analyzer (CNS 2000; LECO. St. Joseph, MI). Analysis for P, K, Ca, and Mg was conducted by a commercial laboratory using inductively coupled plasma spectroscopy [ICP (Soltanpour et al., 1996) ]. The samples were digested with nitric acid and hydrogen peroxide in a microwave oven (CEM, Matthews, NC) and was analyzed using ICP (1100 ICP; Thermo Jarrell Ash, Franklin, MA).
Before root sampling, surface and subsurface soil samples were collected using a 2.5-cm i.d. soil probe. A composite of 10 cores was taken at two sampling depths (0-30 and 30-75 cm) at each whole plant sampling point. The samples were sent to a soil test laboratory and were extracted for P, K, Ca, and Mg using a Mehlich III extraction (Mehlich, 1984) and ICP analysis. Soil N was determined as NH 4 -N and NO 3 -N using a 1 N KCl extraction and colorimetric analysis using Cd reduction (Dahnke, 1990) . The results did not indicate a lack of any nutrients (data not given).
An initial data analysis was conducted using Proc GLM of SAS (version 9.2 for Windows; SAS Institute, Cary, NC) to evaluate the influence of the main and interactive effects on tissue nutrient concentration and content (Table 2) . Additionally, nutrient content was analyzed relative to nutrient concentration, plant dry weight, and the interaction between concentration and dry weight. All were highly significantly correlated for C, N, P, K, Ca, and Mg (P < 0.01), indicating a combination of plant mass and nutrient concentration both contributing to plant nutrient content. Data were subsequently analyzed using analysis of variance with SPSS (version 15.0; SPSS, Chicago) to examine changes in dry weight and nutrient concentrations of each macronutrient in all plant parts over time. Because dry weight was highly significantly different by year, data were analyzed separately for each year. Mean separation used least significant difference at P < 0.05. Modeling whole plant nutrient uptake and net nutrient movement between various plant parts was accomplished by calculating the content of each macronutrient within each plant part (dry weight · concentration) divided by the number of days between sampling dates. 
Results and Discussion
DRY MATTER AND CARBON. The highest vine biomass occurred at harvest, which was about double of that in winter, budbreak, three-to four-leaf stage, and bloom (Fig. 2) . The annual growth from shoots, shoot tips, leaf blades, petioles, and clusters showed significant changes over time. The dry weight of coarse and fine roots did not change significantly over the growing season, whereas the trunk and cordon woody tissue mass decreased from %44% of the whole vine after dormancy/budbreak to a low of about 35% during the active growing season, and did not increase again until after fruit harvest (Fig. 2) .
Changes in C concentrations of various vine parts were consistent between years. Carbon concentration was significantly lowest in the petioles (41%-42%), and lower in the clusters at harvest (about 45%) than the other plant organs [46%-48% (Fig. 3A) ]. This reflects the fact that the bulk of dry weight is the cell wall, which consists mainly of cellulose, a carbohydrate polymer. Due to a small variation of carbon concentrations in plant organs compared with other nutrients, the seasonal pattern of carbon content was nearly analogous to the seasonal pattern of plant dry weight.
In both years, there was a significant decrease in trunk and cordon (woody tissue) dry weight between budbreak and the three-to four-leaf stage in both years (Fig. 2) . Additionally, there was a significant increase in woody tissue dry weight from movement of C to develop new growth in the vine, the reserve C lost from the trunk and cordon between bud burst and the threeto four-leaf stage was at least 100 times higher than the amount of C gained in the annual tissues during that same interval. It is possible that some was lost to respiration and some to sap loss from bleeding canes, but it is also possible that the differences were due to vine size of randomly chosen vines despite efforts to decrease this variability by working within a narrow range of vine sizes. VINE MACRONUTRIENT CONCENTRATION. While the changes in N concentrations of different vine organs were similar between years, higher N concentrations were found in shoot tips and leaf blades at the three-to four-leaf stage, and lower N concentration was found in clusters at bloom in 2007 when compared with 2006 ( Fig. 4A ). Shoot tip and leaf blade N concentrations decreased significantly between veraison and postharvest in 2006, but in 2007, the decrease occurred after harvest. In both years, trunk, cordon, and coarse root N concentrations remained constant in the early season, significantly decreased from bloom to veraison, and significantly increased from veraison to harvest.
Changes in P concentrations of various vine organs were similar in both years, except shoot tips that showed greater decrease and cane that showed greater increase from the three-to four-leaf stage to bloom stage in 2007 versus 2006 (Fig. 5A ). Phosphorus concentrations were highest and most dynamic in shoot tips, petioles, clusters, and leaf blades, whereas P concentrations in permanent structures (trunk, cordons, and coarse roots) showed little change throughout the two growing seasons. P concentrations were highest at the three-to four-leaf stage or at bloom stages and declined throughout the growing season, reaching the lowest values at harvest or at postharvest.
The K concentration patterns of various vine components were consistent between years. At bloom, higher K concentrations were found in petioles and leaf blades, and lower K concentration was found in shoots at bloom in 2007 compared with 2006 ( Fig. 6A) . Early season K concentrations were highest in petioles, clusters, shoot tips, and leaf blades and then declined throughout the season, reaching the lowest values at harvest or at postharvest, although cluster and petiole K remained significantly higher than the other tissues in both years. There was no measurable change in woody tissue K concentration (trunk, cordon, and roots) with time of season. While concentrations of Ca in shoot tips, leaf blades, and petioles significantly increased from bloom to harvest, cluster Ca concentration decreased until the end of the season in both years ( Magnesium concentrations were higher and most dynamic in petioles, shoot tips, and clusters, whereas Mg concentration in other vine parts were much lower and showed little change throughout the two growing seasons (Fig. 8A ). Over time, in both years, Mg concentrations increased in petioles but decreased in clusters, especially from bloom to veraison. Mg concentration in shoot tips dropped from the three-to four-leaf stage to bloom MACRONUTRIENT UPTAKE AND PARTITIONING. As shown in Figs. 4B through 6B, respectively, vine N, P, and K contents in woody tissue changed little between dormancy and budbreak with the exception of a slight increase in the coarse root fraction. However, there was a large drop in nutrient content of the woody tissues by the three-to four-leaf stage, likely related to the significant decrease of trunk and cordon biomass from budbreak to the three-to four-leaf stage in both years (Fig. 2) . The gradual decrease of these nutrient concentrations also suggested that the new growth of grapevines depends on the nutrients stored in permanent structures. Shoot-tip N, P, and K content increased from the three-to four-leaf stage through bloom but then began to decrease for the remainder of the season. Previous studies have reported N concentration decreases during the growing season (Löhnertz, 1991; Wermelinger, 1991; Williams and Biscay, 1991) . Our results are consistent with previous findings of a dilution effect of not only N, but also P and K, concentration throughout the season in response to rapid leaf expansion and nutrient translocation from shoot tips to leaf blades and clusters.
In both years, the whole vine N content gradually increased from the three-to four-leaf stage to veraison before rapidly increasing from veraison to harvest, while P and K contents showed a rapid increase from the three-to four-leaf stage to harvest. Nitrogen concentration in clusters rapidly decreased after bloom, while P concentration slightly decreased and K concentration remained stable until the end of the season. After reaching the maximum in leaf blades at bloom, N concentration declined more slowly than P and K. There was a slow decrease in N concentration in shoot tips and leaf blades compared with P and K concentration. While P and K rapidly accumulated in the clusters after veraison, there was lower N accumulation in the clusters after veraison. By harvest, the bulk (40%-60%) of P and K were accumulated in the clusters, whereas about 30% of the N was allocated to the clusters by bloom period and another 30% was allocated to other aboveground annual tissues (shoots, shoot tips, leaf blades, and petioles) during grape maturation. Thus, the nitrogen pathway during the fruit development differs significantly from that for P and K in these organs. Clusters were a stronger sink for P and K, whereas leaves and clusters were important N sinks.
While K content was most closely related to fruit development and production, N supply was most closely related to leaf development. Total N content per vine was significantly higher than K during the early growth stages (from dormant to bloom), whereas from veraison and harvest, total N content was slightly lower than K in 2006 and nearly equal in 2007, which was probably due to relatively higher crop load in 2007. Potassium was the most evident element in the developing clusters and its movement to the fruits appears to nearly linear increase from to bloom to harvest in both years, suggesting the highest accumulation rate in clusters after veraison compared with the other elements. Similar trends of K accumulation were reported in (2006), and Williams and Biscay (1991) . Furthermore, the prevailing accumulation of K in berry pulp and skin tissue supported a relative role of K in cell expansion (Rogiers et al., 2006) . In both years, N, P, and K were remobilized back to the woody tissues after veraison. After reaching the lowest content in the trunk, cordon, and coarse roots at veraison, woody tissue N, P, and K content increased again until the end of season. This is supported by the large drop in N, P, and K concentrations in leaf blades and petioles postharvest. N, P, and K content in trunk, cordons, and coarse roots postharvest were lower than at the beginning of season. This suggests that movement of nutrient from annual tissues back to woody tissues continued after the postharvest sample collection until the grapevines entered dormancy. The finding is consistent with Löhnertz (1991) , who found that accumulation of N in permanent structures occurred from veraison to harvest, Alexander (1958) , who found translocation of N back from leaves to woody tissues, and Schreiner et al. (2006) , who found N losses between harvest and leaf fall. However, the result is in contrast with results reported by Conradie (1980 Conradie ( , 1981 Conradie ( , 1986 , who showed substantial uptake of N, P, and K at postharvest. Tagliavini et al. (2000) have reported similar findings in deciduous fruit trees. It is possible that the differences between these findings and ours and others could be related to plant age or climatic conditions.
Throughout the growing season, average total uptake per plant of N, P, and K was 21.2, 4.9, and 41.8 g, respectively, in 2006; and 32.6, 8.9, and 65.5 g, respectively, in 2007 (Table 3 ). There was greater uptake of N, P, and K in 2007 compared with 2006, which corresponds to a higher cluster biomass in the 2007 (Fig. 2) . The amount of N uptake per plant for these established vines was about two times more (21 vs. 13 g/vine) than Bates et al. (2002) found in 3-yearold 'Concord' grapes. The mature 'Concord' grapevines appeared to have considerably higher N, P, and K uptake when compared with 8 g N, 1.5 g P, and 19 g K uptake from budbreak through leaf fall in established, own-rooted 'Pinot Noir' vines (Schreiner et al., 2006) and 18 g N and 25 g K uptake established 'Cabernet Sauvignon' vines grafted on 5C rootstocks (Williams and Biscay, 1991) . Hence, the differences in vine age, size, rootstock, and species (Vitis vinifera vs. labruscana) seem to have major impacts on nutrient uptake because the 'Concord' grapevines in this study were about three times larger than the juvenile 'Concords' reported by Bates et al. (2002) and at least two times larger in vine size and three times larger in crop level compared with the mature 'Cabernet Sauvignon' (Williams and Biscay, 1991) .
The timing of nutrient uptake differed in this study when compared with others. In both years %90% to 95% of the N uptake 'Concord' grape occurred between bloom and harvest (Table 3) , which differs from the other reported findings.
Estimating the values from original figures (rounding to the nearest integer), the results in the reported literature are as follows. Conradie (2005) found that remarkably consistent N uptake (10%-35%) by 2-year-old 'Chenin Blanc' occurred in each growth stage throughout the growing season. Schreiner et al. (2006) found that 87% N uptake by mature 'Pinot Noir' occurred between budbreak to veraison, Williams and Biscay (1991) found that 86% N uptake by mature 'Cabernet Sauvignon' occurred between bloom and veraison, and Hanson and Howell (1995) found that 60% N uptake by established 'Concord' grapevines occurred between bloom and veraison. Conversely, we found that the highest uptake of P and K occurred between bloom and veraison, which is consistent with previous studies regardless of cultivar or vine age (Conradie, 1981; Schreiner et al., 2006; Williams and Biscay, 1991) . Others have found that peak N uptake occurred before veraison, but our results showed that there was significant N uptake before and after veraison. One factor that likely contributes to the difference in uptake timing in this study when compared with previous work is that there was a larger proportion of vine mass in woody tissues due to vine age, enabling the mature vines to use nutrients reserves during early growth stages. Additionally, in comparison with wine grapes, juice grapes typically have a larger canopy and higher crop, which could trigger the plant to have prolonged N uptake period to fulfill the fruit demand. The intensity of vine N uptake between veraison and harvest suggests that the newly assimilated N was not only partitioned into leaves and clusters, but was also restored to woody tissues. To this end, N appeared to be mainly partitioned among woody tissues (32%-33%), leaves and shoot tips (25%-27%), and clusters (32%-34%) at harvest (Fig. 4) .
Based on nutrient uptake and redistribution patterns of N, P, and K, it is implicit that if fertilizer supplements are need, they should be applied before bloom, but not before budbreak because the grapevine has no need at this stage and excessive rainfall or irrigation may cause unwanted leaching of soluble nutrients. Split-application of fertilizers could enhance the efficiency of nutrient use in growth and production. In addition, fertilization is not required at postharvest for this crop in cool climate regions, as uptake does not occur after harvest.
The average total uptake per vine throughout the growing season was 18.2 g of Ca and 3.3 g of Mg in 2006, and 44.2 g of Ca and 7.9 g of Mg in 2007 (Table 3) . Although Mg is classified as a phloem-mobile nutrient, in 'Concord' grape, the accumulation pattern of Mg almost paralleled Ca. In 2006, it appeared that after highest uptake occurred from bloom to veraison, the whole vine Ca and Mg content continued to progressively increase until reaching the highest content at harvest. In 2007, Ca and Mg uptake was consistent, and high, from bloom to harvest (Figs. 7B and 8B) . In both years, Ca and Mg concentrations in the cluster decreased after bloom, while Ca concentration in leaf blades, petioles, and shoot tips increased from bloom to postharvest. Magnesium increased only in the petiole and remained constant in leaf blades and shoot tips. Calcium and Mg concentrations in leaf blades, shoot tips, and petioles did not decline after harvest as occurred with N, P, and K. This suggests that neither Mg nor Ca migrated back from leaves into woody tissues.
Although the trends of nutrient uptake and accumulation were similar, Ca or Mg was partitioned to different vine organs. While the trunk and cordon woody tissue had a higher Ca and Mg content than any other organs, there was a very high proportion of the plant Ca in the coarse root fraction, while Mg was distributed between leaves and clusters. The higher content of Mg in the actively growing tissues than Ca is consistent with its known higher mobility in the plant phloem (Epstein and Bloom, 2005) as well as the plant xylem from root uptake by mass flow and interception (Barber, 1984) , probably serving as the major supply mechanism that keeps pace with Mg demand and transfers from roots and shoots. These mature 'Concord' vines had a similar Mg uptake but three times higher Ca uptake than what Schreiner et al. (2006) found in mature 'Pinot Noir' vines (%10 g of Ca and 4.5 g of Mg uptake per vine during the growing season). The higher uptake of Ca could be driven by differences in canopy and yield goals of the two different Vitis species, however, a more likely explanation is a difference in Ca supply in the soils in the two different growing regions. The 'Concord' vineyard was in a fine sandy loam, pH 7.8 to 8.4, with an average 15,450 mmolÁkg -1 Ca, whereas the 'Pinot Noir' was in a silty clay loam, pH 5.3 to 5.6, with an average 1410 mmolÁkg -1 Ca. This is further supported by the literature on plant response to Ca availability. It has been reported that plants regulate Ca accumulation over time relative to the natural abundance of Ca and the very low Ca requirement by controlling the distribution of Ca within the cell (Marschner, 2002) . Calcium oxalate crystal deposition can occur within the vacuoles of cells (Kinzel, 1989) or associated with the cell wall (Demarty et al., 1984) , which is the main component of plant dry weight. In other words, the annual increase in permanent tissue biomass resulted in increased vine Ca content.
Although most studies have found N to be the most abundant mineral element in grapevines (Bates et al., 2002; Conradie, 2005; Schreiner et al., 2006; Williams and Biscay, 1991) , the 'Concord' vines in this study had a higher total Ca content than N content throughout growing season. Woody tissues such as trunk, cordons, and coarse roots had higher content of Ca than N at every growth stage, whereas annual tissues such as shoot tips, leaf blades, and clusters showed higher content of N than Ca at bloom. The average N and Ca content in woody tissues (7) (8) and leaf blade (9-11 g of N and 9-12 g of Ca) at veraison in this study (Figs. 4B and 7B) were consistent with those of Schreiner et al. (2006) , who reported %14 g of N and 19 g of Ca in woody tissues and %10 g of N and 8 g of N Ca in leaf blades of 'Pinot Noir' vines at veraison. THE DIFFERENCE BETWEEN CANOPY AND ROOT DEVELOPMENT. Apart from a very small amount of young white fine roots found during the growing season between the three-to four-leaf stage and veraison in both years, there was no other clear evidence of a change in fine root biomass to confirm that a fall flush of root growth occurred. However, a significant decrease in fine root biomass was found after harvest (Fig. 2) , which implies that roots do not grow during the dormant season. Hence, root growth, as well as nutrient acquisition and competency in the study, was inferred from nutrient contents in fine roots and coarse roots, according to Volder et al. (2005) , who found that the decline in N uptake and root respiration corresponded with a strong decline in root N concentration.
As shown in Figs. 4B , 5B, and 6B, respectively, seasonal changes of N, P, and K content found in various actively growing organs showed similar trends in 2006 and 2007; the highest content in shoot tips occurred from bloom to veraison, and those in shoots, leaf blades, petioles, and clusters occurred at veraison. Nitrogen, P, and K contents in coarse roots were lowest from veraison to harvest. In fine roots, N and K contents were very similar from winter to bloom and sharply declined at veraison and later growth stages, whereas P content showed no significant difference throughout the season. Hence, the nutrient decline in roots suggests translocation out of the roots and competition for nutrients between roots, canopy, and fruit. On the other hand, the highest contents of Ca and Mg in shoots, shoot tips, and leaf blades occurred from veraison to postharvest, which corresponds to the period of lowest contents in coarse and fine roots.
SOIL NUTRIENTS. Nutrient availabilities in soil did not show clear seasonal trends. With the exception of NO 3 -N, significant differences were found between availability of all nutrients at surface and subsurface soils throughout and between each growing season. In both growing seasons, most nutrient concentrations in surface soil were higher than subsurface soil, except Ca and Mg. The reason high concentrations of Ca and Mg were found in subsurface soil is likely due to calcification and weathering of basalt parent materials. There was no discernable relationship between soil and vine nutrient concentrations (data not given).
Conclusions
Dry weights of the whole vines ranged from 4229 to 9068 g. The highest biomass of the whole plants occurred at harvest, which was about double of that in winter, budbreak, the three-to four-leaf stage, and bloom. Ca was the most abundant mineral nutrient in the vines, followed by N and K. Between veraison and harvest, different tissues accounted for the majority of changes in Ca, N, and K contents. Half of the Ca was in woody tissues, up to 65% of N content was in annual tissues, and up to 70% of K was in the clusters. The high accumulation of Ca in vine permanent structures reflects high Ca in the vineyard soil.
Throughout the growing season, major changes of P content occurred in the cluster, whereas the major changes of Mg occurred in leaves and clusters. Most of the uptake of N, K, and Ca from the soil occurred between bloom and harvest in both years, whereas the highest P and Mg uptake per vine occurred from bloom to veraison in 2006 and between veraison and harvest in 2007. Withdrawal of N, P, and K from leaf blades, shoot tips, and petioles to woody tissues occurred between veraison and leaf senescence with no additional nutrient uptake, whereas neither Mg nor Ca were withdrawn to woody tissues.
The majority of N uptake that occurred at veraison and continued through harvest was largely driven by the large canopy and high crop load. In addition, there were sufficient N reserves in the woody tissues for the mature vines to use for growth in the early season. In addition, the long period of fruit ripening and short postharvest period in this cool climate facilitated a prolonged uptake period and rapid nutrient remobilization back to woody tissues during active vine growth. 
